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Fungicides can be defined as products of  natural 
or synthetic origin, which act to protect plants 
against invasion by fungi and/or to eradicate 
established fungal infection. They include chem-
icals which have direct activity against fungi as 
well as ones that stimulate the existing defences 
of  the plant. Conventional fungicides are chemicals 
and include both natural and synthetic prod-
ucts, but we can also consider living organisms 
as a distinct class of  fungicides, better known as 
biological control agents (BCAs).

Alongside herbicides, insecticides and plant 
growth regulators, fungicides form the battery 
of  agrochemicals (also known as pesticides) that 
are available to protect crops and maintain their 
yield potential, measured as the quantity or 
quality of  produce. Diseases of  crops are caused 
by a diverse range of  organisms that include the 
true fungi (e.g. Ascomycota and Basidiomycota), 
the fungal-like but unrelated Oomycota (e.g. Phy-
tophthora and Pythium), the club-root pathogen 
Plasmodiophora, as well as various bacterial, viral 
and nematode species. The term fungicide is 
conventionally taken to mean compounds that 
control organisms that look like fungi. This includes 
the true fungi, Cercozoa and the Oomycota. It 
does not include chemicals that control bac-
teria (these compounds are conventionally 
called antibiotics), viruses (mainly controlled by 
insecticides) or nematodes (mainly controlled 
by genetic and cultural methods).

Pesticide use dates from the 18th century 
and became almost ubiquitous by the middle of  
the 20th. Several compelling factors have ensured 
their widespread use and fuelled the growth of  
the pesticide discovery and supply industries. 
These include an increasing world population, 
with higher incomes meaning that food demand 
has risen steeply. Furthermore, there are direct 
and clear benefits both to the grower, such as 
higher and more consistent yields, lower labour 
costs and greater profit, and to the consumer, 
such as consistency of  food quality, increased 
variety of  produce and lower prices.

Population Growth and  
Food Production

For most of  recorded history, the global population 
growth rate has been below 0.2% per annum. 
However, the early 19th century witnessed the 
beginning of  an accelerating advance in the 
control of  human diseases that initiated a 
dramatic reduction in mortality rates, especially 
of  infants. High birth rates resulted in a rapid in-
crease in population growth which, in the indus-
trialized nations, levelled out after the 1960s. 
Greater food security in parts of  Asia and Africa 
means that their populations are still expanding 
rapidly. None the less, nearly one in nine people 
(or 820 million people) globally were hungry or 
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undernourished in 2020, with 132 million of  
them living with acute hunger that approached 
starvation (McCarthy and Sánchez, 2020).

The world population is currently estimated 
at 7.8 billion, having increased from 6 billion 
just 20 years ago. Conservative estimates predict 
a world population of  10 billion by 2060. An in-
creasing proportion of  the world’s population is 
demanding a diet that is higher in dairy and 
meat produce. The animals are increasingly fed 
on grain and on silage or hay made from land 
suitable for growing crops for direct human use. 
The area of  land available to grow all these crops 
is under threat from urbanization, pollution and 
climate change. We, as members of  the commu-
nity, can take part in debates about limiting 
the world’s population, reducing the degree of  
pollution, limiting the consumption of  animal 
products and non-productive use of  land. None 
the less, there can be no escaping the conclusion 
that there is an unequivocal and urgent need to 
produce more food that is nutritious and safe on 
less land, using less water and fertilizers.

Historically, the world’s increasing demand 
for food has been met largely through an expan-
sion of  the area under cropping and by improve-
ments in the food distribution network. The 
increased food needs of  Western Europe in the 
19th century, for example, were supplied by 
the expansion of  production in the Americas 
and Australasia. The 20th century introduced a 
technological revolution into agriculture which 
has made possible a rapid rate of  growth of  food 
production to feed a historically unprecedented 
rapid growth of  world population. Central to the 
growth in food production was the development 
of  artificial fertilizers and high-yielding crop 
varieties – the Green Revolution (Evenson and 
Gollin, 2003). The high yields, monocultures 
and fertilizer inputs increased disease levels. This 
both increased the need for fungicides and justi-
fied their costs.

Agriculture makes a significant impact on 
global warming (Berry et al., 2010). About a 
seventh of  all greenhouse gas (GHG) emissions 
can be ascribed to agriculture. These include 
direct use of  fossil fuels for transport and tillage, 
indirect use of  fossil fuels for nitrogen fertilizer 
production, and GHG emission due to soil microbe 
release of  methane and nitrogen oxides. Much 
of  this is due to emission by ruminant animals. It 
is therefore possible to quantify food production 

not just on a tonne per hectare basis but also on 
a tonne per GHG emission basis. Such studies 
consistently show that the disease control and 
green leaf  area duration promoted by appropri-
ate use of  fungicides maximizes food production 
both per hectare and per GHG equivalent (Berry 
et al., 2008). For example, in the case of  UK 
barley production, efficient control of  foliar 
disease by fungicides decreased GHG emissions by 
29–60 kg CO

2 eq./t in UK winter barley (Hughes 
et al., 2011). There is a strong argument for 
appropriate use of  fungicides to combat climate 
change.

The impact of disease on crop production

It is notoriously difficult to estimate the scale of  
losses caused by disease. Savary et al. (2019) 
surveyed experts and derived estimates of  the 
losses due to pathogens and pests in five major 
crops. They documented losses associated with 
137 pathogens and pests (mainly insects and 
nematodes) in wheat, rice, maize, potato and 
soybean worldwide. The yield loss average esti-
mates were 21.5% for wheat, 30.0% for rice, 
22.5% for maize, 17.2% for potato and 21.4% 
for soybean. However, some areas – particularly 
in regions with rapidly expanding human popu-
lations – reported losses of  more than 40%. The 
great majority of  the losses are caused by fungi 
and oomycetes. These numbers show that all the 
means to control disease, genetics, cultural 
methods as well as fungicides, need to be used in 
concert to achieve adequate food production in a 
sustainable manner.

Agricultural Technology and the 
Impact of Fungicide Use

Crop production is a process governed by a series 
of  limiting factors which interrelate. These in-
clude crop variety (i.e. the varying degree of  
genetic disease resistance), nutrition, water 
supply, soil quality and crop management (pest, 
weed and disease control, cultivation). Each fac-
tor may assume a dominant, yield-limiting role, 
depending upon the crop, husbandry practices 
and the region. For example, water availability is 
the major factor governing plant distribution 
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and is often the determining factor in yield 
production. Historically, the combined action of  
improvements in irrigation and the introduction 
of  new varieties with higher genetic potential for 
yield resulted in dramatic yield increases. Later, 
the use of  fertilizers relieved the limitations to 
yield dictated by nutrient deficiency and allowed 
the inherent yield capacity of  the crop to be real-
ized to a point that was limited by photosynthetic 
light interception, weed populations, insect 
infestation and disease. In the 20th century, 
intensive breeding programmes have further 
improved the genetic potential for yield in many 
crops and their capability to respond to other 
inputs such as fertilizers and agrochemicals.

One of  the consequences of  increased fertil-
izer use is more frequent and damaging attacks 
by fungi, and in intensively grown crops their 
control is a significant factor in yield determin-
ation. The improved control of  diseases has 
 permitted an even greater use of  fertilizer and 
further increases in yield. Many authorities 
agree that intensive use of  good-quality agricul-
tural land for food production is the best way to 
feed the world and to free up poorer areas for bio-
diversity preservation.

Since the 1940s, the search for new fungi-
cides has intensified and the total value of  the 
crop protection business, as fungicide sales, 
stood at $15.1 billion in 2017 compared with 
$13 billion in 2013 and $6 billion in 1995 (all 
monetary values are US$ unless stated other-
wise). The economics of  pesticide use vary from 
crop to crop, between targets and according to 
the levels of  weed, insect or disease infestation. 
Studies in Australia document the gain of  AUS$8 
for every AUS$1 spent on fungicides (Murray 
and Brennan, 2009, 2010). This figure is driven 
by the sharp reductions in the cost to farmers for 
some fungicides in the last 15–20 years. The cost 
of  off-patent fungicides has fallen to less than 
AUS$5/ha and so disease gains need only be 
small to justify the costs. The value gained from 
the use of  small amounts of  fungicide to control 
seed-borne diseases is also very large. More mo-
dest but still significant gains are obtained when 
controlling foliar diseases. The use of  cereal fun-
gicides in Western Europe accounts for an extra 
2–3 Mt of  grain annually, equal to $400–600 
million. In some cases, the benefit gained 
through fungicide use is more critical because 
certain crops cannot be cultivated in the absence 

of  disease control. By the late 1800s coffee rust 
epidemics were a serious and frequent problem 
in India, Sri Lanka and Africa. Eventually, 
production levels became uneconomic and 
stimulated a change in cropping from coffee to tea. 
The recovery of  the coffee industry was, and re-
mains, totally dependent on the use of  fungicides.

The impact of  fungicide use on wheat in the 
UK is illustrated in Fig. 1.1. The average yield of  
wheat in the UK increased from about 4 to 8 t/ha 
from 1974 to 2000. Since then, average yields 
have stagnated, but maximum yields have con-
tinued to increase. One farmer reported a yield 
of  14.3 t/ha on a commercial crop in 2013. Dur-
ing this period, methyl benzimidazole carbamate 
(MBC) fungicides were introduced from 1972, 
then demethylation inhibitor (DMI) fungicides 
were introduced from 1978, quinone outside 
inhibitor (QoI) fungicides were introduced 
in 1998, and second-generation succinate de-
hydrogenase inhibitor (SDHI) fungicides came in 
after 2003. The uptake of  foliar fungicides was 
dramatic, rising from zero in 1972 to more than 
90% by 1986. Since 2000 the number of  fungi-
cide applications on an average field has increased, 
even though the total weight has declined. This 
trend reflects the need to protect the crop during 
critical growth phases as well as the need to use 
different actives to combat different pathogens 
and fungicide resistance.

A 2005 survey by CropLife America of  US 
crops estimated the cost of  fungicide use on dif-
ferent types of  crops and the extra yield that was 
obtained from better disease control. Across all 
sectors the increased yield amounted to $12.8 
billion on an expenditure of  $880 million; that 
is, a ratio of  14.6:1. There were substantial vari-
ations in the benefit:cost ratio. Perennial crops 
like grapevines and apples had ratios of  about 
20 and the value for potatoes was 11. The lowest 
ratio was 1.8 for wheat reflecting the modest 
yield obtained in North America.

Wheat yields are generally much higher in 
Europe and a key focus for the fungicide industry 
is the control of  septoria tritici blotch. Yields in 
the UK, Germany and France are typically 7–10 
t/ha and the total production is about 74 Mt or 
close to 10% of  global production. Despite a 
highly intensive plant breeding effort, an edu-
cated and well-equipped farming community 
and the first use of  new fungicides, losses to sep-
toria tritici blotch are stubbornly high at 5–10%. 
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Fungicides are applied at a cost of  $1 billion/
year, but they result in an increased yield aver-
aging 2.5 t/ha. This equates to a return on in-
vestment of  about 5 to 1 (Fones and Gurr, 2015). 
The economic impact of  fungicide use on wheat 
in the UK, Germany and France was estimated 
as $15 billion/year.

Detailed studies of  disease losses and fungi-
cide use have been made in Australia for wheat 
and barley (Murray and Brennan, 2009, 2010). 
Australia has a generally low rainfall and poor 
soils, giving average cereal yields in the range of  
1–2 t/ha. These are conditions in which disease 
levels would be expected to be low by world 
standards. It is sobering that even under these 
close-to-ideal conditions, highly researched 
pathogens still cause up to 30% losses in compe-
tently farmed crops (Table 1.1). Table 1.2 details 
the absolute actual loss in Australian dollars in 
comparison to the loss expected if  no control 
methods (genetics, cultural or fungicide) were 
applied. The difference between the potential 
loss and the actual has been apportioned to each 
of  the major control methods. Fungicides have a 
very significant role in protecting yield. This 

varies between disease, crop, variety and season, 
but overall the annual AUS$250 million expend-
iture on fungicides in Australia generates a return 
of  AUS$2000 million.

The History of Fungicide Use

The devastating social effects of  plant disease 
are a common feature of  history, extending into 
Biblical times and beyond with references to 
‘blasting and mildew’ in the books of  Deuteron-
omy and Amos (Large, 1940/2003; Agrios, 2005; 
Money, 2006). Wheat rusts were known at 
least from Roman times and were considered so 
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Fig. 1.1. Wheat yields and fungicide use in the UK, 1960 to 2013. Wheat yields ( ); percentage of crops 
sprayed with fungicides ( ); average number of sprays per season ( ); and introduction of main 
fungicide groups (arrowed; MBCs, methyl benzimidazole carbamates; DMIs, demethylation inhibitors; 
QoIs, quinone outside inhibitors; SDHIs, succinate dehydrogenase inhibitors). (From Lucas et al., 2015, 
with permission from Professor John Lucas.)

Table 1.1. Estimates of losses due to disease in 
major crops in Australia. (Modified from Murray 
and Brennan, 2009, 2010; Murray, 2012.)

Crop % yield lost to diseases

Wheat 18.0
Barley 13.5
Field pea 29.6
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important that their occurrence was attributed 
to divine action. Regular festivals to appease the 
gods Robigus and Robigo were held in the hope 
that cereal rust disease could be prevented. How-
ever, the gods were clearly not to be trusted and 
some rudimentary chemical disease control was 
also practised, the therapeutic but mysterious 
nature of  sulfur being passed down from the 
ancient Greeks.

Other than crop failure, fungal disease can 
have a dramatic and direct effect upon human 
welfare. In 943, a European chronicler described 
the ‘wailing and writhing’ of  men in the street 
suffering from a disease which came to be known 
as ‘St Anthony’s fire’, named after the behaviour 
of  people who, in hope of  a cure, visited the 
shrine of  St Anthony in France. The cause is 
now known to be rye grain contaminated with 
the alkaloids present in the ergot fungus Clavi-
ceps purpurea.

By 1750, cereal diseases had attained such 
a significant economic status in Europe that the 
French Academy of  Arts and Sciences volun-
teered a prize for the best treatise describing the 
cause and control of  wheat bunt. The solution 
was not forthcoming and 10 years later up to 
half  of  the French wheat crop failed because 
of  bunt and smut (Ustilaginomycetes) diseases. 
Mathieu Tillet eventually characterized the 
causal organism of  wheat bunt, which carries 
his name, Tilletia tritici, and went on to describe 
the life cycle of  the fungus. Of  equal importance 
was the work, based on a series of  field experi-
ments, which examined the efficacy of  various 
treatments against T. tritici. It was demonstrated 
that crops treated with various materials mixed 
with lime or putrefied urine could be main-
tained relatively free from bunt disease and 

these treatments came to be of  major economic 
importance in France.

The catalogue of  incidents of  fungal disease 
during the 19th century is extensive (Table 1.3). 
However, the greatest social impact of  plant dis-
ease was surely the Irish potato famine triggered 
by potato late blight, Phytophthora infestans. In 
the years following 1845, over 1 million people 
died and 2 million more were forced to emigrate 
due to malnutrition, mainly to North America. 
The population of  Ireland is still well below the 
level achieved prior to the outbreak.

Plant disease was a critical factor in the sur-
vival of  some commercial industries. The wine 
industry, for example, was under continual at-
tack; first from grape powdery mildew initially 
observed in England in 1845 and 3 years later in 
France and the rest of  Europe. This period also 
witnessed the beginnings of  fungicide use. Obser-
vations by the gardener who first reported grape 
powdery mildew in England suggested that 
applications of  sulfur could be used to control 
the disease. His findings were confirmed by Pro-
fessor Duchartre of  the Institut Agronomique, 
Versailles, but the challenge to produce a prod-
uct that could be applied easily to an extensive 
area of  vineyards was not successful until 1855, 
when Bequerel produced a fine form of  sulfur 
that could be used to achieve effective plant 
coverage.

Similar advances were made in 1885 with 
Millardet’s invention of  Bordeaux mixture, cop-
per sulfate and lime, for the control of  grape 
downy mildew. This procedure was also later 
shown to be effective against late blight in pota-
toes. Several versions of  the treatment were 
explored but the mixture developed then is still in 
use today for the control of  fungal and oomycete 

Table 1.2. Breakdown of losses to disease and gains to genetic, cultural and chemical disease control in 
selected grain crop diseases in Australia; all figures are in AUS$ million. The ‘potential loss’ is the loss 
incurred if no control measures were in place; the ‘actual loss’ is the current estimate. The difference 
between potential and actual is assigned to either genetic control, cultural practices or fungicide control. 
It is clear even in low-input, sustainable agriculture situations like Australia that fungicides contribute 
heavily to disease control. (From Murray and Brennan, 2009, 2010.)

Disease Potential loss Actual loss Genetic control Cultural control Fungicide control

Tan spot 676 212 200 155 108
Stripe rust 868 127 431 78 359
Septoria 

nodorum
230 108 36 51 35

Barley mildew 103 39 10 3 52
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diseases on a wide range of  crops. It is particu-
larly important in ‘Organic’ agriculture as it is 
one of  the few effective treatments that has 
regulatory approval by most certifiers of  this 
type of  production.

The technology developed in France in 
response to the frequency and severity of  crop 
disease, especially in vines, became the stimulus 
for other international investigations. This led, 
in 1886, to a large programme of  trials in the 
USA to evaluate all the leading French fungi-
cides to protect high-value crops. Early examples 
were black rot of  vines caused by Guignardia bid-
wellii, apple scab caused by Venturia inaequalis, 
gooseberry mildew caused by Sphaerotheca fuliginea 
and several vegetable pathogens. This collabor-
ation between the US Department of  Agriculture 
(USDA) and French experts was one of  the first 
to examine the relationship of  dose–response, cost 
of  spray per hectare, optimum timing and 
phytotoxicity.

The cereal rust diseases that had persisted 
throughout this period of  fungicide development 
evaded similar attempts at control. Farmers 
attempted to use resistant varieties and early 
sowing to combat the disease, but any little success 
was typically short-lived due to what became 
known as the ‘boom and bust cycle’ (McIntosh, 
2007). Little success was achieved and by the 
turn of  the 19th century, world wheat produc-
tion was severely limited by rust infection, a situ-
ation destined to remain until the advent of  
systemic fungicides in the mid-1960s. Other 

crops also suffered from rust diseases. In 1869, 
coffee rust was reported in what became Sri 
Lanka and in 10 years reduced average yields by 
over 50% to 251 kg/ha. The effective destruction 
of  the coffee industry led to investment in a re-
placement crop, tea. Henceforth, the cultivation 
of  coffee in India and Sri Lanka was totally de-
pendent on the use of  fungicides to control rust 
disease. An excellent and lively introduction to 
the social history of  plant pathology can be 
found in Money (2006).

The modern chemical industry can be said 
to date from the accidental synthesis of  mauve-
ine, an aniline dye, by Perkins in London in 
1856 (Garfield, 2000). The early goals were to 
produce fabric dyes to replace the expensive and 
fade-prone natural products. Large research and 
production facilities were developed notably in 
the Rhine valley in Germany and Switzerland, 
where the forerunners of  the today’s BASF, Bay-
er and Syngenta were established. Together with 
companies in the UK and USA, they diversified to 
produce the myriad synthetic and natural chem-
ical products that underpin all aspects of  mod-
ern society. The key expertise of  these companies 
was in the synthesis of  novel compounds. Ini-
tially the number of  compounds was small and 
so they could all be tested for a variety of  applica-
tions as dyes, preservatives, pharmaceuticals 
and explosives, as well as agrichemicals.

The use of  complex organic chemistry in 
crop protection began with the introduction of  
new seed treatments found to be effective for the 

Table 1.3. Major outbreaks of fungal disease in the 19th and 20th centuries. (Modified from Oliver and 
Hewitt, 2014.)

Crop Pathogen Year reported Region

Cereals Claviceps purpurea (ergot) 1816 France
Hops Sphaerotheca humuli (powdery mildew) 1840 England
Potatoes Phytophthora infestans (late blight) 1845 Europe
Vines Uncinula necator (powdery mildew) 1845 England
Vines U. necator 1848 France
Vines Plasmopara viticola (downy mildew) 1865 France
Coffee Hemileia vastatrix (coffee rust) 1869 Sri Lanka
Vines Guignardia bidwellii (black rot) 1880 France
Cereals Puccinia spp. (rusts) 1889 Austria
Cereals Puccinia spp. 1892 Prussia
Cereals Puccinia spp. 1894 USA
Cereals Puccinia spp. 1916 Canada, Denmark, Russia, 

Argentina, South Africa, India
Maize Cochliobolus heterostrophus (Southern 

corn leaf blight)
1970 USA
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control of  wheat bunt. Studies in the pharma-
ceutical industry developed phenolic compounds 
made from arsenic and metallic elements such 
as mercury, copper and tin. The discovery by the 
Bayer Company of  a compound containing mer-
cury and chlorinated phenol, active against wheat 
bunt, prompted the intensive development of  
organomercury seed treatments; the first, Uspu-
lam, being introduced in 1915 by Bayer, followed 
by Ceresan from ICI (1929) and Agrosan G, also 
from ICI (1933). The efficacy of  these products 
ensured their widespread popularity in the farm-
ing community, and they led the cereal seed- 
treatment market until mercury-based products 
were banned in the 1970s and 1980s on the 
grounds of  adverse toxicology.

It was not until after the Second World War 
that the potential of  fungicide use in crop protec-
tion and the maintenance of  yield were realized, 
and it is generally accepted that this marks 
the real beginning of  crop fungicide technology. 
The early fungicides business was founded on the 
control of  crop diseases that previously had been 
unchecked and competition between companies 
was relatively light. Most of  the products that 
were introduced were in response to clear needs 
of  growers and they created new markets by ex-
ploiting latent demand. Later products improved 
on existing control and were established at the 
expense of  their lesser competitors. This is par-
ticularly true of  the introduction from the 1960s 
of  fungicides that were able to move within plants 
and throughout crops, the so-called systemic or 
mobile materials, which captured a significant 
part of  the market previously held by surface- 
bound non-systemic (immobile) products such 
as sulfur and copper-based materials.

Fungi infect plants through wounds or dir-
ectly via stomata or penetration of  the surface 
layers. In leaves this barrier is further enhanced 
by the presence of  a sometimes thick and waxy 
cuticle. Before the development of  systemics, all 
fungicide compounds were non-systemic pro-
tectants, effecting disease control only through 
their activity on the plant surface. Characteris-
tically, after application to foliage these compounds 
control disease either by killing superficial myce-
lium, as for example in the powdery mildews 
that penetrate only the topmost cellular layer, or 
more commonly by preventing the germination of  
fungal spores already present on the leaf  or impact-
ing on the leaf  after application. Non-systemics 

cannot penetrate the leaf  and hence cannot con-
trol pathogens already established within the 
plant tissue. Therefore, foliage must be treated 
before the pathogen has colonized the plant. 
Subsequent development of  the plant exposes new 
tissues to fungal attack and may rupture pro-
tective fungicide deposits. Hence, such products 
must be applied frequently during the growing 
season to maintain acceptable disease control 
levels. Although the lack of  mobility of  early fun-
gicides limited their flexibility of  use, their inability 
to penetrate plant tissue allowed them to exploit 
the control spectrum inherent in their non- 
specific biochemical mode of  action (MOA). This 
remains a valuable feature in their current uses 
against a broad range of  pathogens and in strategies 
to control resistance to systemic fungicides.

The introduction of  systemic compounds 
caused a revolution in farmer practice and in 
fungicide discovery and development. New 
opportunities for fungicides were immediately 
identified, as in intensive cereal production in 
Western Europe. Fungal diseases of  wheat and 
barley had been a disturbing feature of  cereal 
production for at least 2000 years but the use of  
resistant varieties, stimulated in part by the fail-
ure of  early products to control pathogens such 
as mildew and rust, enabled infection to remain 
at an acceptable level. The associated yield losses 
were estimated to be insignificant until systemic 
fungicides were discovered and tested, beginning 
with the morpholines ethirimol and tridemorph.

Field trials demonstrated that the yield 
benefits that could be achieved using the new 
fungicides were on average about 10%. Yields in-
creased further as the limits of  varietal potential 
were explored using combinations of  higher fer-
tilizer inputs and fungicides. European Commu-
nity legislation in the 1970s–1990s encouraged 
high-output production systems, and inputs 
such as the use of  high levels of  fertilizers and 
pest control chemicals increased to maximize 
yields. The rate of  discovery of  new and more ef-
fective fungicides also increased, and in 20 years 
the range of  foliar and ear diseases for which 
some control could be claimed had expanded 
from a few seed-borne pathogens and mildews to 
include cereal rusts caused by various Puccinia 
species, wheat septoria nodorum blotch, septoria 
tritici blotch, Fusarium head blight and eyespot, 
the barley diseases net blotch and scald, and the 
maize Cochliobolus leaf  blights.
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The new products afforded better levels and 
duration of  control and allowed the grower 
more flexibility in application. However, even 
they failed to provide complete disease control, 
and the search for more effective materials and 
technology continues.

The appearance of  systemic fungicides and 
the increasing variety of  products available to 
the grower corresponded with the requirement 
of  the fungicides industry to adopt new and 
higher standards of  performance. The most im-
portant was, and remains, safety. This arose 
from the general acceptance by the industry of  
the need to avoid a repeat of  the damaging im-
pact of  early organochlorine insecticides like 
DDT, highlighted by the publication of  Rachel 
Carson’s book Silent Spring (Carson, 1962). Hence, 
much greater efforts were made to ensure that 
the products were safe to the manufacturer, the 
user, the consumer of  treated crops and all 
aspects of  the environment. The industry and 
government registration authorities became 
responsible for the development of  only those 
materials proven to be safe and environmentally 
acceptable. In addition, to compete successfully, 
product attributes other than biological activity 
assumed major roles (Table 1.4).

Despite these efforts, distrust in the safety 
of  agrochemicals generally has remained preva-
lent in a significant section of  the population, 

especially in richer and more urban communi-
ties. This has in turn fuelled the growth of  the 
‘Organic’ or ‘Biological’ agroecological move-
ments. This style of  farming seeks to avoid the 
use of  synthetic agrochemicals and instead 
relies on the use of  a small group of  inorganic 
fungicides (such as copper and sulfur), natural 
products and BCAs (mainly bacteria) for disease 
control.

The number of  products and mixtures grew 
to meet the new market standards of  disease 
control. In the triazole family alone there are on 
average about ten products – different formula-
tions of  solo active ingredients (AIs) and mix-
tures – per compound. Many fungicides appear 
to increase yield beyond that attributable to the 
reduction of  disease. Late-season treatment 
with benomyl, an early systemic fungicide, was 
shown to delay senescence and increase yield by 
up to 10% through a combination of  fungicidal 
action and plant growth regulator effects. Similar 
activity is reported for QoI and SDHI fungicides 
and although the cause is unclear, it is thought 
to be associated with the control of  phylloplane 
organisms and a direct effect on the maintenance 
of  photosynthetic ability.

There is little doubt that the intensive mon-
oculture-based agricultural systems that are 
needed to provide the growing population with 
food also encourage fungal disease epidemics, 
and the removal of  fungicides from agriculture 
does not appear to be a realistic option. The 
emergence of  fungicide resistance and the need 
for more cost-effective products encourage the 
search for better remedies, whether they be syn-
thetic products or materials derived from natural 
sources or through the introduction of  genetic 
modification of  target crops.

The Growth of the Agrochemicals 
Industry

Pesticides, synonymous with agrochemicals or 
crop protection agents, comprise mainly herbi-
cides, insecticides, fungicides and plant growth 
regulators. Further definition can be confusing. 
A pesticide is strictly an agent that kills a pest 
and can be either synthetic or natural. However, 
the definition omits plant growth regulators, 
which are designed to enhance the growth and 

Table 1.4. General targets for new fungicidal 
products.

Attribute Type of product improvement

Safety Safe to users
Environmentally acceptable
Safe to consumers of the treated 

product
Performance Broader disease-control spectrum

Extended control period
Increased reliability
Anti-resistance activity
Improved crop safety

Use Compatibility with other products
Easy-to-use formulations
Safe application

Cost Lower cost per treatment through 
the use of:
cheaper fungicides
lower use rates
fewer treatments per season
lower application costs
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development of  crops directly. In addition, the 
term pesticide is often applied only to insecticides. 
Pesticides are better classified as agents that 
maintain the yield potential of  crops under 
adverse growing conditions, caused by the pres-
ence of  weeds, pathogens or insects. Under this 
definition, pesticides are products that combat 
biotic stresses.

Agrochemical companies developed as a 
diversification of  those chemical industries 
specializing in the manufacture of  organic dye-
stuffs. Originally including the fertilizer industry, 
the agrochemicals business is now distinct and 
comprises a large, high-value, high-technology 
industry that survives upon innovation and the 
discovery and development of  synthetic and nat-
ural pesticidal products. Despite the success of  the 
pesticides business, the industry is shrinking. 
The conflicting forces of  price competition, 
af fecting margins and profitability, and the 
increasing costs of  discovery and development 
of  potential products and the maintenance of  
established pesticides have resulted in a phase 
of  consolidation. The situation was made more 
acute through the increased political and social 
recognition of  the environmental issues associ-
ated with pesticide use and the subsequent de-
mand for more extensive product examination. 

This led to spiralling increases in the costs of  
safety testing, the prolongation of  development 
time and a subsequent reduction in effective 
patent life. A shorter product lifespan and the 
need to generate a return on a rapidly increasing 
research and development investment have 
stimulated the search for economies of  scale such 
that the agrochemicals industry is now domin-
ated by a few large international companies. Just 
25 years ago there were ten major international 
fungicide companies. Now there are only four 
major players active in all phases of  fungicide 
discovery, development, manufacture and sales. 
These are Syngenta (now merged with Chem-
china), Bayer CropScience (incorporating Mon-
santo), BASF and Corteva (formerly Dupont and 
Dow). A larger number of  companies manufac-
ture and sell fungicides either that are no longer 
protected by patents or in collaboration with the 
four majors. These companies are called generic 
manufacturers.

Fungicides form a vital part of  the research 
effort and product ranges of  all major agro-
chemical companies, driven by their well-estab-
lished use in a wide variety of  globally important 
crops. Their markets, discovery and use, and the 
legislation that governs their development, are 
presented in the following chapters.
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